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ABSTRACT
The process system operating limits of the MIT Reactor
redesign (MITR-II) are based on measurable parameters, i.e.,
primary coolant flow rate, bulk outlet temperature, and reac-
tor power. The limits are conservatively established to main-
tain the fuel plate clad surface temperature at the hot spot
below 250 F. Operation of the reactor within these limits is
intended to preclude any possibility of boiling in the core.
The nuclear properties of the reactor are examined first to
determine the power production within the reactor and within
a single fuel element.
Emphasis of this study focuses on the hottest element and,
further, the hottest fuel plate. Attention is given to the
effects of control rod height on the relative variations in the
radial and axial neutron flux and power density distributions.
The coefficient of convective heat transfer at the fuel plate
surface is evaluated. Engineering hot channel factors are also
included in the calculations to account for departures from
nominal design resulting from fuel element manufacturing
tolerances and uncertainties in power, flow, and heat transfer
measurements. Consideration is also given to the flow rate of
the secondary H ? coolant from the cooling towers necessary to
remove the reactor heat load.
Under the most adverse operating conditions, limits of
1800 GPM minimum primary coolant rate, 155°F maximum bulk out-
let temperature, and 6 megawatts maximum reactor power are
established. These are the limits such that the reactor could
be safely operated with these parameters simultaneously
approaching their limits and still fulfill the criterion that
no boiling occur in the core.
Thesis Supervisor: David D. Lanning
Title: Professor of Nuclear Engineering
Thesis Supervisor: James W. Gosnell
Title: Assistant Professor of Nuclear Engineering

3ACKNOWLEDGEMENTS
Thanks are due to Professor D. D. Lanning and
Professor J.W. Gosnell for their guidance and constructive
comments on all phases of this study, and to Mr. E.J.
Barnett for helpful discussions.
The author was fortunate to have capable assistance
during the various parts of this work. It is therefore
with pleasure that the author acknowledge the contributions
of Messrs. Andrews K. Addae and Paulo M. Furtado.
The author is indebted to Mrs. Jean Fairneny and Miss








Table of Contents 4
List of Figures 6
List of Tables 7
Chapter 1 - INTRODUCTION 8
Chapter 2 - DESCRIPTION OF THE MIT REACTOR 12
2.1 General 12
2.2 Core . 12
2.3 Fuel Elements 14
2.4 Control Rods 17
2.5 Primary Coolant System 18
2.6 D2 Reflector 21
2.7 Secondary Coolant System 21
2.8 Reflector Coolant System 23
2.9 Shield Coolant System 23
Chapter 3 - POWER PRODUCTION DISTRIBUTION 25
Introduction 25
3.1 Homogenized Core Properties 26
3.2 Radial and Axial Flux Variations 28
3.3 Power Produced per Element 34
3.4 Power Produced in the Hottest Fuel Plate 36
Chapter 4 - PRIMARY COOLANT FLOW - 39
Introduction 39






4.2 Core Temperature Limitations 4l
4.3 Reactor Heat Load 43
4.4 Hot Spot Calculations 50
4.5 Operational Limitations 54
Chapter 5 - SECONDARY COOLANT SYSTEM 64
Introduction 64
5.1 Reactor Heat Load 64
5.2 DO Reflector Heat Load 71
5.3 Shield Heat Load 72
Chapter 6 - COOLING TOWERS 74
Introduction 74
6.1 Complicating Factors 74
6.2 Secondary Coolant Requirements 76












1.1 Vertical Section Through MITR-II 9
2.1 Horizontal Section Through MITR-II Core 13
2.2 MITR-II Fuel Element 15
2.3 Primary Flow Diagram . 19
3.1 Thermal Flux Distribution for Shim Blade 32
Height of 11.70 Inches
3.2 Thermal Flux Distribution for Shim Blade 33
Height of 6.70 Inches
4.1 Axial Heat Flux Distribution Along Hottest 58
Fuel Plate
4.2 Axial Variation of Clad Surface and Local 60
(Channel) Bulk Coolant Temperatures Along
Hottest Fuel Plate
4.3 Maximum Clad Wall and Incipient Boiling 62




3.1 Distribution of Fission Energy: U--235 27
3.2 Capture Gamma Energies of MITR-II Materials 29
3.3 Calculated Energy Released per Fission for 30
Each Neutron Captured
3.4 Summary of Radial and Axial Power Factors 37
4.1 Calculated Gamma Energy Distribution per 45
Fission
4.2 Summary of Gamma Absorption 47
4.3 Fast (Fission) Neutron Energy Deposition 48
4.4 Distribution of Energy Released in the 49
Reactor per Fission
4.5 Summary of Hot Channel Factors 55
4.6 Summary of Maximum Clad Wall Temperatures, 59
Maximum Heat Fluxes, and Incipient Boiling
Temperatures for Various Rod Heights




Since Its completion in the Spring of 1958, the MIT
Reactor has served as a vital educational and research
facility for the Massachusetts Institute of Technology and
the scientific community. Based on technical obsolescence
,
however, it was predicted that the reactor life would be
approximately ten years. Consequently, a redesign group was
formed to consider renovation of the reactor to make it more
technically competitive with newer reactors which have been
designed and built since the MIT Reactor. The general
methods and procedures for carrying out such a renovation
were inherent in the original reactor design and have been
active for approximately two years to permit the introduction
of a new type of core unique to this reactor, designed to
increase the available neutron fluxes in the experimental
facilities by a factor of somewhere between three and five.
The redesign section of the reactor is almost entirely
confined to the upper plug section and the core tank section
of the original design. In the redesign, as shown in Figure
1.1, the core is light water cooled and moderated, and the
moderator for the reflector is heavy water as was the case in
the original reactor. The hexagon shaped core (see Figure
2.l) is contained in a cylindrical aluminum tank with the












used for the light water entrance channels. Six flat plate
control rods are located around the core between the fuel
and the DO reflector.
One of the primary purposes for redesigning the MXTR
was to accommodate a compact core configuration in order to
obtain large thermal neutron fluxes in the beam tube near
the bottom of the reactor core. Almost by definition., the
achievement of a high thermal flux in the reflector at the
beam tube will be accompanied by a sharply increasing flux
gradient near the bottom of fuel plates . The lower portion
of the fuel plates will consequently have a high power
density. It, therefore, becomes Imperative that the power
density in the core does not exceed such limits as to cause
boiling within the core. Hence, the objective of this study:
determine, on the basis of experiments and theoretical calcu-
lations, the process system operating limits of the MIT
Reactor redesign (MITR-II).
The redesign basis for the MITR-II evolved around the
thermal hydraulic characteristics of the fuel element from
the requirements that the installed primary coolant pumps
and heat exchangers are to be used, and that the reactor is
to operate at a power level of five megawatts without boiling
in the core. To allow for some latitude for the operation of
the reactor, it is necessary to establish limits on the
measurable reactor operating parameters, i.e., minimum
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coolant flow rate, maximum bulk outlet temperature 3 and maxi'
mum reactor power. The process system safety limits define
these parameters such that the reactor can safely operate
with these parameters simultaneously approaching their









The MITR-II is a light water cooled and heavy "water
reflected reactor for research and educational purposes at
the Massachusetts Institute of Technology. The reactor
will be operated at power levels up to five megawatts,
although the nuclear and structural design anticipates
that higher power levels are possible.
2.2 Core
The reactor core is a hexagon, 13.3 inches across the
flat as shown in Figure 2.1. It consists of three concen-
tric hexagonal rings of fuel with 15 elements in the outer
hexagon, 9 elements in the next hexagon, and 3 elements in
the center. Each of the 27 tightly packed elements consists
of 15 fuel plates held by aluminum side plates in a rhombic
shape as shown in Figure 2.2. The core height is approxi-
mately 29 inches.
The inner hexagon ring containing 3 elements is
surrounded by a fixed, hexagon shaped, aluminum clad cadmium
shim located at the inner edge of the hexagonal rib. This
thin plate absorber will be placed into a hexagonal shelf
extending down from the top of the core 14 inches.
The outer two hexagon rings containing 24 elements is
divided into three identical regions. Each region is
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flanked by aluminum clad cadmium absorber plates located in
slots in the radial ribs of the core support structure.
These plates, also, extend down from the top of the core l4
inches. At the outer edge of each region are located two
movable shim blades, for a total of six blades, in slots
around the edge of the hexagonal core support structure.
A regulating rod is located in one of the small holes
at the corner of the core support structure and is located
generally toward the thermal column side.
The core hexagonal support structure is connected to
an upper tank 4 feet in diameter and approximately 7 feet
high, and is .mounted on its own flange and bolted to an ex-
tension near the neck of the core tank. It serves as the
support for the core itself and for the essential part of
the control rod mechanisms. In addition, the support is
the alignment plate for the control blade mechanisms and all
key components of these systems are bolted to work through
this single structure. The weight of this unit is carried
by the upper tank.
2. 3 Fuel Elements
The MITR-II fuel elements, shown in Figure 2.2, are
specially designed and fabricated for the high flux, dense
geometry core. As indicated in the drawing, the element is





















flat of 2-1/2 inches. The overall length including the end
nozzles is 29-1/2 inches. The fuel element consists of 15
straight fuel plates assembled between two grooved side
plates which are 0.188 inch thick and 2.500 inches wide.
The fuel bearing plates are 0.090 inch thick with longitudin-
ally milled coolant fins on both sides so as to produce a
20 mil land, 20 mil groove and 20 mils in depth. The overall
dimensions of the fuel-bearing plates are 2.220 inches 'wide,
24.625 inches long, and they are spaced 0.14-0 inch apart to
form 16 cooling water passages 0.050 inch wide. The spacing
is maintained by grooves in the side plates and the end noz-
zles which are designed to provide structural rigidity for
the element. Each element has an end nozzle at either end
and is completely reversible, allowing it to fit into the
lower matrix and to mate with the upper hold-down grid.
The fuel element contains 240 +4.8 grams of U-235. In
any individual plate, the amount of U-235 does not exceed 16
+ 0.48 grams. Each plate contains a core of approximately
93$ enriched uranium alloyed with pure aluminum. This core
is 23-1/4 + 3/16 inches long, 1-3/4 + 1/16 inches wide, and
0.020 inch thick and is clad on all surfaces with 6061 alu-
minum alloy. The minimum thickness on the face plate is
0.015 + 0.001 inch with a permissible scratch depth of 0.003
inch. The minimum amount of aluminum cladding the nearest
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edge of the core alloy and the edge of the fuel plate is
0.204 inch.
2.4 Control Rods
The MITR-II contains six shim safety blades, a single
fine regulating rod, 3 fixed flat neutron absorbers located
in the radial ribs of the core support structure, and a
hexagonal shaped fixed shim located at the inner edge of the
hexagonal rib surrounding the three inner fuel elements, all
shown in Figure 2.1. The purpose of these various absorbers
is to maximize the flux and power densities in the lower
half of the core and to give ease to nuclear control. The
shim blades are arranged symmetrically with respect to the
core, while the regulating rod is located in one of the small
circular holes at the corner of the hexagonal core structure.
Each shim blade consists of a rectangular plate of 40
mil cadmium clad with 6o6l aluminum for a total thickness of
1/4 inch, and is attached to an arm. This arm, in turn, is
attached to a weighted member of low hydraulic cross section
which operates in a guide tube bolted to the inner core
structure plate. The blades are raised through a magnetic
coupling by motors situated just below the top deck plate.
Loss of magnet current causes the heavy member and the
attached control element to drop. As the control blade
moves downward into its flat slot, water in slot exits
through holes at the corners of the water release from the
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bottom of the guide tube for the carrier rod.
Preliminary calculations indicate that the total reac-
tivity worth of the movable neutron absorbers is approxi-
mately:
Shim blades: l4.5 p (See Appendix A)
Regulating rod: Less than 1.0 (3
The maximum possible variable excess reactivity for five
megawatt operation will be limited such that the reactor
can always be kept in a shutdown condition with only four of
the six shim blades inserted.
The fixed absorbers extend down from the top of the
core about 14 inches . Each absorber is cadmium sheathed
with aluminum, and each is held down completely by the upper
core hold-down grid. The primary purpose of these fixed
absorbers is to insure that the reactor can go critical and
can operate at the desired power level and flux distribution.
2
.
5 Primary Coolant System
The HpO primary system, as shown in Figure 2.3,
is used as a coolant and moderator in the MITR-II. The
system consists of a single loop which contains two paral-
lel pumps, two parallel heat exchangers and associated
valves, piping, and instrumentation. The pumps and heat
exchangers may be operated singly, in parallel, or cross





reactor tanks each use an 8 inch pipe so only two pipe
runs and two tank penetrations are needed.
Starting at the pumps, light water is pumped through
single stage, horizontally mounted, stainless steel centri-
fugal pumps rated at 1200 GPM at a head of 80 feet and is
powered by a 40 HP motor. Normal discharge pressure is 55
psi. The discharge from the pumps goes to the tube side of
the main heat exchangers. The heat exchangers are composed
of 885 tubes of 3/8 inch O.D. and is of the single pass
type. The tubes are 18 BWG thick and are constructed of
stainless steel. They are mounted on a 1/2 inch square
pitch and are l4 feet, 2 inches long. The outside area of
the tubes is approximately 1230 square feet. The shell is
18 inches in diameter and incorporates 9 baffles. It is
designed for a free flow area of 67 square inches. The
pressure at the outlet of the tube side of the heat exchangers
is 43 psi, and each heat exchanger has a nominal capacity of
3 x 10 BTU/hr.
The 6 inch lines leaving the heat exchangers join into
a single 8 inch line, containing a flow nozzle and, down
stream near the inlet plenum, an anti-syphon valve that pre-
vents emptying of the core tank in case of rupture to the
main inlet line. The pressure at the inlet plenum is 23 psi.
The inlet plenum is designed to give a fan shaped plume
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entering the annular space between the core tank and the
core support shroud tank. The flow then moves downward to
the core tank and is then directed up through the core and
into the shroud tank toward the outlet plenum where it is
drawn through the outlet line to the suction side of the
main coolant pumps. The pressure drop across the core is
approximately 8 psi at the flow rate of 80.9 GPM per element
(2200 GPM, total). The pump suction pressure is 8 psi.
2.6 D2 Reflector
The moderator for the reflector is heavy water as v/as
the case in the original MIT Reactor. The Dp is contained
in a 4 ft. diameter tank, which also contains re-entrant
thimbles for the horizontal beam ports. A single large pipe
from the heavy water tank permits rapid dumping of the heavy
water reflector, providing a secondary safety feature for
shutdown. Flow of D? into the reflector tank is provided
by means of the large pipe which contains the dump valve
provision. The exit pipe and the external system, which
will include a pump and small heat exchanger, will be of
relatively small size as it is anticipated that not more
than 250 kilowatts will be deposited (generated) in the D?
reflector.
2.7 Secondary Coolant System
The secondary HpO coolant system is designed to remove
the heat load from the reactor core and reflector primary
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coolant as well as the heat load from the shield and experi-
mental primary coolant. The system contains the pumps,
piping and valves, heat exchangers, cooling towers and all
instrumentation necessary to insure safe operation under
all anticipated conditions. Operation at power levels
greater than 2 megawatts require that two secondary HpO
pumps and heat exchangers be run in parallel.
Cool secondary HpO is taken from the basin of the two
cooling towers through a common 10 inch pipe penetrating the
containment shell into the equipment room where the flow
again separates to the two pumps. These pumps discharge to
the shell side of the two main heat exchangers as well as to
the DpO reflector heat exchanger, the shield coolant heat
exchanger, and the experimental coolant heat exchanger.
The exit flow from all the heat exchangers combines in a
single 10 inch pipe which leads out of the containment shell
and then separates into the return lines for each of the two
cooling towers.
The cooling tower is provided with a bypass valve so
that the amount of water fed to the spray top of the cooling
towers for evaporation is continuously variable from zero to
full flow. Varying the amount of water being bypassed from
the top to the basin controls the equilibrium temperature of






The reflector coolant system is designed to remove
the heat deposited in the heavy (DO) water reflector and
to maintain a high purity of heavy water. The system con-
sists of a water pump, heat exchanger, piping and valves,
and associated instrumentation for operat ion. Suction is
taken directly from the reflector tank, and then pumped
through the D„0 reflector heat exchanger where heat is
transferred to the secondary H ? coolant. The heat exchanger
discharge is through an 8 inch dump line above the dump
valve and up through the dump line to the reflector tank.
The heavy water cleanup loop is designed to insure a
constant heavy water reflector level during normal operation
and to maintain the heavy water inventory at a high purity.
The heavy water is kept pure by using two filters and a mixed
bed ion exchanger with associated piping, pump, valves, heat
exchanger and associated instrumentation.
2.9 Shield Coolant System
The shield coolant system removes heat deposited in the
lead thermal shield which surrounds the graphite reflector
and thermal column. For cooling purposes, the thermal
shield is divided into four separate regions, each with two
sets of stainless steel coils embedded within. Only one
coil in each region is used for heat removal, the second
coil acting as a spare.
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The system uses demineralized water supplied by an inte-
gral distilled "water storage tank. The heat exchanger, which
transfers heat to the secondary HpO coolant system, is of a
double pass type with 438 U-shaped tubes with a total length
of 3 ft., 1/4 inch l.D. and 24 gage thick. A centrifugal
pump is used for circulation and an ion column is used to
maintain a high purity of distilled coolant water.
The above paragraphs outline the properties of those







The objective of the work described in this section
was to determine the power production distribution within
the core as a whole and within a single fuel element. The
general method followed was to investigate the neutron flux
distribution and the power production by using available
mathematical models and computer programs. The calcula-
tions described in this section are based upon the power
density distributions determined by A.K. Addae (_3J using
the EXTERMINATOR-2 (_£_) computer code.
This analysis procedure first homogenizes the core in-
to a two-dimensional, cylindrical array and determines the
properties at the various points within the reactor array.
Three neutron energy grQups and the homogenized properties
were used in the EXTERMINATOR-2 code to determine the rela-
tive variations in neutron fluxes and power density distribu-
tions from which the location of the hottest element is found
and the relative magnitude of its heat generation established.
In this section the methods are described for shifting
from the homogeneous model to the heterogeneous reality, the
value of the heat flux distribution among the plates of the
element is then established for a total reactor power of six
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megawatts, and the hottest fuel plate is found and its
power distribution calculated.
3.1 Homogeni z ed Core Prop erties
Homogenization of the reactor is accomplished, assuming
a cylindrical geometry, by dividing the reactor into 19^4
regions.. The regions are formed by dividing the axial height
into 54 rows and the radial distance into 36 concentric
annular rings; the divisions in either the axial or radial
directions are not necessarily equal. The core itself takes
up 25 rows and 9 annular rings, the remainder of the regions
accounting for the reflector, shield, and structural members
(e.g., the reflector tank).
A partial listing of the input data necessary for the
EXTERMINATOR-2 is given below:
Number of groups
Microscopic cross sections
Radial and axial mesh spacing for each region
Nuclide concentration
Region composition
From the input, the macroscopic cross sections, diffusion
coefficients, and scattering matrix is computed for each
group and composition. The number of reactions, e.g.,
absorptions, productions, fissions, and scatters, is also
given for each group and composition.
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The calculation of reactor pov/er must begin with an
analysis of the energy released in the fission of U-235.
The total energy released in the fission of U-235 may be
expressed as
E = 193.8 -1- E (Mev) .
The value of 193.8 Mev/fission is obtained from the generally
accepted distribution of fission energy of U-235 (_3_) ; sce
Table 3.1. E is the energy released per fission resulting
from neutrons being captured in the materials of the reactor.
Table 3.1
DISTRIBUTION OF FISSION ENERGY: U-235
Source Mev/Fi ssion
Kinetic energy of fission fragments 168.0
Kinetic energy of fission product decay (3 ' s 7.0
Kinetic energy of fast (fission neutrons) 5.0
Prompt gamma rays 7.8*
Fission product decay gammas 6.0'**
Total 193.8
*6.48 - 1 Mev photons, 1.17 - 3 Mev photons, 0.l4 - 5 Mev
photons, and 0.01 - 7 Mev photons ( 4 )
**6 - 1 Mev photons ( 5
)
There is also approximately 11 Mev of neutrino energy per
fission which accompanies the f3 decay, but this energy is
not recoverable by the reactor.
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The value of E depends upon the amount of type of
materials in the reactor. The EXTERMINATOR ~2 output in-
cludes the macroscopic cross sections from which we can
determine the energy released (per fission) per neutron
captured by considering the following:
Energy
Fiss ion
= Energy Capture (nuclide )
Capture \bsorption (composftToiTru i/u
nuclide
No. of absorptions in composition
total number of fissions
Table 3.2 lists the capture gamma energies of the various
MITR-II materials. The capture cross section of Dp is
quite low and has been neglected in these calculations.
10 7The Q~value for the B (n,a)Li reaction is 2.792 Mev ( 6 )
;
the ratio of absorptions in the boral to the total number of
fissions is 0.101^, yielding 0.283 Mev/fission from the
(n,a) reaction.
Table 3.3 lists the energy per fission released for
each material in the reactor. The total energy released per
fission is equal to
E = 193.8 + 12.78 = 206.58 Mev/fission.
3 . 2 Radial and Axial Flux Variations
Figures 3.1 and 3.2 show the thermal flux distributions




CAPTURE GAMMA ENERGIES OF MITR-II MATERIALS
Total







7 2.095 9.054 Mev










Graphite ( 11) 5 4.95 4.95
Boral (_12) 1 0.48 0.48*
10 7




CALCULATED ENERGY RELEASED PER FISSION
FOR EACH NEUTRON CAPTURED
Material Mev/Fiscion
u 4.75 (capture gamma only)
Al 3.98









and 6.70 inches respectively for the reactor operating at
six megawatts. It is important to note that as the control
rods are lowered, higher fission densities occur in the
lower, active portion of the core.
A considerable portion of the fission neutrons leak
from the core into the heavy water reflector where they are
slowed down resulting in the thermal neutron flux being a
maximum in the reflector near the core edge. The power -
distribution, therefore, peaks at the edge of the core.
A basic formula for power- in a homogenized core is
p : k / . z f0av
vol
where
K. 3.3095 x 10-" £=§&
This constant was computed .by using a fission yield of 206.58
Mev which includes 12.5 Mev/fission of capture gammas as
calculated in the previous section. The macroscopic cross
section, 2 f , is known to be zero everywhere except in the
fuel regions. The integral may therefore be approximated by
a summation over the individual fuel regions.
n 3
P = K Z ( Z Z ,.)V .









THERMAL NEUTRON FLUX (N/CM Z -SEC)






Figure 3.2 THERMAL NEUTRON FLUX (N/CMh
-SEc)
SHIM BLADE HEIGHT'. 6.70 /W.
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In this expression Sf is defined for the volume of the
=





fuel region and j energy group. As a volume average, 0. .
contains both radial and axial factors. The EXTERMINATOR-2
code computes the integrated power in each annular region,
making it unnecessary at this time to calculate the flux
factors
.
3 . 3 Power Produc ed Per Element
The average power in the fuel region is known from the
homogeneous model. From the EXTERMINATOR-2 output of inte-
grated power, the transition must now be made from the
homogeneous model to the heterogeneous reality. The procedure
is outlined below:
The heat flux normal to the finned clad in the hetero-
geneous core at a specified axial mesh point is computed in
the following manner:
1) The EXTERMINATOR-2 output gives the integrated
heat flux parallel to the vertical (z) axis of
homogenized core. The differential heat flux
is found by subtracting the integrated heat flux
at one vertical mesh point from the heat flux at
the next highest adjacent mesh point. The aver-
age power density, PAV, generated between adja-
cent mesh points is calculated by dividing the
differential heat flux by the vertical distance
between adjacent mesh points.
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2) The power density generated in the fuel meat,
PDM, is calculated by multiplying the average
power density, PAV, by the ratio of total hori-
zontal cross -sectional area of a unit homogenized
element to total horizontal cross-sectional area
of fuel in a heterogeneous element, i.e.,
PDM = PAV x
horizontal cross-sectional area of
homog enized element
ho r i'z'ori'tTa 1' "cross- s e"ctiona 1 area of '
fuel in a heterogeneous element
3) The heat flux normal to (one side of) the finned
clad is then
Q/A = 0.5 x normalization factor x PDM x
thickness of fuel meat (20 mils)
where the normalization factor includes factors
for the fraction of energy (per fission) deposited
in the core, 95$ (see Section 4.3), and converts
BTU/sec cm2 to BTU/hr ft2 . The factor 0.5
accounts for one-half of the generated power
leaving one face of the fuel plate normal to the
finned clad.
4) The value of the heat flux, Q/A, is plotted against
the axial distance along the fuel plate, and is
then numerically integrated to find the total





average heat flux, q.„p , for each plate in the
element.
Following the procedure outlined above on the
EXTERMINATOR-2 output of integrated power, it is observed
that the three central elements produce the most power per
element- within the core. With the reactor at six megawatts
of power and the assumption that 95$ °f the power is deposi-
ted in the core (including the gamma heating in the modera-
tor and fuel elements), each central element produces 230. 5^
kilowatts of power. (Derivation of the fission energy dis-




k Power Produced in the Hottest Fuel Plate
In addition to the method described above (i.e.,
numerical integration of Q/A over the axial distance), the
average power generated in each fuel plate can be calculated
by dividing the power produced in each element by 15, the
number of plates per element. In order to compute the power
produced in the hottest fuel plate, both the axial and
radial power peaking factors must be computed.
The local axial power peaking factors are found by
dividing the local heat flux at equally spaced mesh points
ii
by the average heat flux, qAVp. Table 3.4 lists the maximum
axial power factors, F : the magnitude of (F ) „ is largea a max
because the power in the upper portion of the core is negli-
gible in comparison with the power in the lower, more active
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part of the core, and the calculation of the average power
includes the power in the upper portion.
The radial peaking factors are calculated using the
EXTERMINATOR -2 output and preliminary studies made by A.K.
Addac (13) using the PDQ-7 (_l4) computer code. (The PDQ-7
code is used to compute the radial neutron flux variation
in a hexagonal geometry. ) Since the PDQ-7 hexagonal geometry
solution is only a two-dimensional result, typical of the
EXTERMINATOR-2 run with the shim blades 11.70 inches from
core bottom, the radial peaking factors for varying rod
heights were calculated from the PDQ-7 result by proportion-
ing the result with the various EXTERMINATOR-2 results, i.e.,
th
F (i case) = F
r
(base case from PDQ-7) x
F
r
(ith case from EXTERMINATOR-2)
F (base case from EXTERMINATORY")"
where: base case implies shim blade height of 11.7 inches
from core bottom.
Table 3.4
SUMMARY OF RADIAL AND AXIAL POWER FACTORS
Shim Blade Height EXTERMINATOR-2 PDQ-7
(in. from bottom) ^a Jjr Fr





Applying the radial factor obtained from the PDQ-7 pro-
gram to the fuel in the hottest element, it is assumed that
the hottest fuel plate produces
1.167 (15.37) - 17.9^ KW
Since all of the calculations are aimed at removing
the heat from the hottest plate and limiting its temperature,
the sources of uncertainties must also be considered. These






All parameters from the core configuration through
the reactor temperatures to the primary coolant flow rate
are completely interdependent. The power production in the
hottest plate , derived as shown in Chapter 3, is used in
this chapter to calculate the limitations on the fuel plate
and bulk coolant temperatures. Once reasonable ranges of
values of these parameters are established, limits on the
minimum coolant flow, maximum bulk outlet temperature, and
maximum reactor power are calculated such that the reactor
can be operated with these parameters simultaneously approach-
ing their limits and no boiling occurs.
4. 1 Determination of the Convective Heat Transfer Coefficient
Experimental work by Spurgeon (l^.) enabled Furtado (l6)
to derive the heat transfer coefficient in the manner de-
scribed below for longitudinally finned fuel plates. The
experimental program to measure the heat transfer coeffici-
ent consisted of a test section designed to support a 0.090"
x 2.5" x 25.5" rectangular coolant channel which was elec-
trically heated by two 12 volt, 1500 ampere generators con-
nected in series. Cooling water was pumped through the
channel at rates varying from 1.5 to 5.0 GPM. The analysis
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of the longitudinal fin data by Furtado differed from that
reported by Spurgeon, numerical solution of the heat con-
duction equation was made (including the electrical heating
of the fins), giving the temperature distribution on the
test section. The heat conduction equation in finite differ-
ence fo.rm is equivalent to a system of linear equations; this
system was solved by the Gauss -Jordan reduction method (compu-
ter program). Furtado's boundary conditions were:
1) back plate adiabatic
2) heat transfer coefficient arbitrarily selected
3) coolant bulk temperature equal to zero.
A correlation was developed among the temperature drop
across the test section AT, the heat transfer coefficient h
and the amount of heat, Q, conducted through the test sec-
















the back plate and coolant temperature, F
power generated on the test section, BTU/hr
2back plate surface area, ft
o 2
convective heat transfer coefficient, BTU/hr F ft
thickness of equivalent flat plate test section,
ft




n = fin effectiveness defined as the effective area of
the finned plate surface divided by the area of
the back plate surface.
Furtado's conclusion is that the convective heat trans-
fer coefficient for longitudinally finned test sections is
conservatively fit by using the Colburn correlation:
Nu = 0.023 Re°- 8Pr * 3 (4.2)






Pr = M-C A
P
and D is the equivalent flow diameter taken as (4a/P) where
A is the flow area and P is the channel perimeter. The
design of the longitudinally finned fuel element can be es-
tablished on the basis of the calculated fin effectiveness
and the standard heat transfer correlations.
4. 2 Core Temperature Limitations
The principal factor affecting the allowable tempera-
tures at various points in the core is the requirement
that the melting point of the fuel plates not be approached
under any conceivable circumstances. To provide as large a
safety margin as possible, all specifications have been
written so that no boiling of any type is allowed to occur.
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In effect, this means that no nucleate boiling is allowed
at the surface of the fuel plates. The wall temperature
at the hottest spot of the hottest plate of the central
element must therefore be limited.
The hot spot on the fuel plate is close to the radial





is first approximated as the onset of incipient boiling at
the static pressure at the fuel bottom. The coolant head
is 135 inches when the level is at the reactor scram point
of four inches below the normal overflov/ level. At this
pressure, the saturation temperature is 226.8 F under no-
flow conditions and is higher when the primary coolant is
flowing.
Based upon a semi -theoretical approach, Bergles and
Rohsenow obtained a correlation (17) for predicting incipi-
ent boiling that is dependent only on pressure and wall
temperature. For water over a pressure range from 15 to
2000 psia, the heat flux at incipient boiling is given by:
q1B - 15,6 P
1
-
15b (Tra - TgAT ) (4.3)
where: qTR = incipient boiling heat flux, BTU/hr ft ,
P = pressure, psia,
Ty-p-p = local wall temperature at incipient boiling, F,
T^.rp = fluid saturation temperature, F.
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When the absolute pressure Is taken to be 14.7 + 4.87 (135
in. of water) = 19-37 psia, Eq. (4.3) becomes:
qT.p 0.466
Twm - 226.8 -,
(jjgSg) (4.4)
It will be seen in Section 4.4 that the hottest peak
plate temperature occurs at the coolant channel inlet (fuel
bottom) . This position is taken as the core hot spot and
the operating limits are established on the basis that the




does not reach the boiling temperature, T,,^„.
4 . 3 Reactor Heat Load
In this section, the amount of energy produced and
absorbed in the various regions of the reactor is reviewed
in order to determine the total amount of reactor heat pro-
duced per fission in the core and the fraction of this heat
that is removed by the primary coolant.
As pointed out in Section 3.1, the heat generated in a
nuclear reactor is directly or indirectly derived from the
energy released in nuclear fissions. Of the energy released,
the following assumptions are made:
l) The kinetic energy of the fission fragments and
fission product decay P's is absorbed in the
fuel elements.

2) The energy released in the capture of a neutron
in the boral shield is absorbed in the shield.
3) Approximately 75 percent of the gamma and fast
neutron energy absorbed in the DpO reflector is
removed by the DpO circulating system.
4). The capture gamma energy produced in the graphite
reflector is absorbed in the graphite reflector
and the shield.
The gamma spectrum from fission may be calculated from
the data listed in Tables 3.1 and 3.3; Table 4.1 summarizes
the gamma energy distribution and its source.
The fraction of gamma radiation escaping from the core
was calculated by assuming a homogenized, self-absorbing
spherical source. Price, Horton, and Spinney (_l8) states
that the fraction (probability) of gamma radiation escaping
an absorbing sphere of radius R is given by:




where: p, is the effective linear absorption coefficient,









CALCULATED GAMMA ENERGY DISTRIBUTION PER FISSION
Photon
Energy Source Mev/Fission Total
Al 1.36
U--235 (n,7) 0.56
1 Boral 0.05* 15.59
Cd 1.19















7 Cd 0.07 0.96
Prompt gammas 0.01
Total 26.05
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In order to calculate the effective linear absorption coef-
ficient for the core, the volume fractions of the constitu-




^A^Al + %Vu + %0VH2 + '^Cd ' (4.6)
where: |x. = linear absorption coefficient of material i,
V\.
i
= volume fraction of aluminum = 0.437662,
V„ = volume fraction of uranium = 0.034506,
V„ r, - volume fraction of water = 0.510805, andiipU
Vp , = volume fraction of cadmium = 0,017027;
(note that \i. is dependent upon the gamma energy).
The total core volume was taken to be 9551.067 cubic
inches (for a core height of 30.25 inches and diameter of
19 inches), yielding a spherical radius of 33.43 crn.
Table 4.2 summarizes the gamma radiation escaping from the
core.
For comparison, a homogenized cylindrical, self-
absorbing source was assumed, and the fraction escaping cal'
culated. The difference between the spherical and cylindri'
cal assumptions was less than 4 percent.
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The fuel elements and moderator absorb the gamma
energy that does not escape from the core. The division of
this energy was established by considering the ratio of the
absorption coefficients and volume fraction of the materials
within the core. The H^O will absorb (pT qVh q/U) x 100
percent of the gamma energy , and is summarized in Table 4.2.
Table 4.2
SUMMARY OF GAMMA ABSORPTION
Photon Reflectors
Energy Fuel Elements Moderator and Shield
(Mev) (Mev/fiss ion) (Mev/fiss ion) (Mev/f isslon)
1 6.30 1.50 10.21
3 3.18 0.80 I.89
5 0.66 0.13 0.37
7 . 47 0.08 0.26
Total 10.81 2.51 12.73*
*does not include capture gammas in graphite or boral
To compute the fraction and location of energy
deposited by the fast (fission) neutrons,, the fast neutron
(Group l) macroscopic removal cross-section and flux output
from the EXTERMINATOR- 2 data was used. The total number of
removals from the high energy neutron group to a lower
energy group is found by summing the product of the flux,
(macroscopic) removal cross section, and volume over each
composition of the core, i.e.,
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The fraction of fast neutrons slowed down in the moderator,
reflector and. shield is the ratio of the removals in the
respective composition to the total number of removals.
The energy deposited by the fast neutrons is then just the
product of the total kinetic energy of the fast (fission)
neutrons and the fraction of removals in each composition.
Table 4.3 lists the summary of fast neutron energy deposi-
tion.
Table 4.3
FAST (FISSION) NEUTRON ENERGY DEPOSITION
Kinetic energy (per
Fraction of fission) of fast neutrons
Location r emovals removed (Mev)
Core (Moderator) 0.9H7 ^.56
Reflector 0.0874 0.44
Shield 0.0009 Negligible
Total 1.0000 5.00 Mev/
fission
Table 4.4 is a summary of the above data, the distribution
of fission energy. Assuming that approximately 25$ of the
energy deposited in the reflector and shield is conducted into




DISTRIBUTION OF ENERGY RELEASED IN
THE REACTOR PER FISSION
Location and Source Mev/f 1 s s ion Perc entag e
Fuel elements
K.E. of fission fragments
K.E. of f3 particles
Gamma energy
Moderator






















approximately 95 percent of the reactor power, If, instead,
a fraction of the energy deposited in the core is conducted
to the reflector and shield, then the figure of 95$ is reduced
accordingly. The figure of 95^ will be used, however, as a
conservative basis in determining the operational limits of
the reactor.
^ • ^ Hot Spot Calculations
For a conservative design, engineering hot channel
factors have been established to account for small dimensional
deviations from the nominal design of the reactor fuel ele-
ments resulting from manufacturing tolerances, for departures
from ideal flow conditions, and for uncertainties in power,
flow and heat transfer measurements. The uncertainties are
elaborated below.
The factor FrI is defined as the ratio of the maximum
channel mixing-cup enthalpy rise to the enthalpy rise in a
channel of nominal dimensions and flow rate located in a
region of average volumetric heat generation. The enthalpy
rise rather than the temperature rise is used for simplicity
and generality, since it avoids the problems of varying
specific heat.
The factor F~ is defined as the ratio of maximum film
temperature difference to the average film temperature





is used for the determination of maxi-
mum surface heat flux in the reactor core to the average
surface heat flux computer for a core composed of all nomi-
nal channels.
4.4.1 Power Density Variation
The estimated uncertainty in the power distribution is
+ 10$. The enthalpy and heat flux terms are increased by
1.10 to account for the uncertainty.
4.4.2 Reactor Power Meas urement
It is estimated, the reactor power calibration will be
accurate to within 5$. The enthalpy and heat flux terms
are increased by 1.05.
4.4.3 Channel Dimensional Tolerances
The hot spot temperature rise due to the channel dimen-
sional tolerance will occur in a channel of minimum thickness
where the local plate thickness is a maximum. Ignoring the
entrance and exit effects and considering only the friction






Enthalpy term, F^, is increased by (-* ) ,
min





^d~7~M d . I >mm mm
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where: d = channel thickness,
nom = nominal value = 0.090 .in.,
min = minimum value = 0.0855 in., and
max = maximum value = 0.09^5 in.
The values of F
fi
and F„ are given in Table 4.5.
4.4.4 Plenum Chamb er Flow
The particular geometry of the reactor inlet plenum
and the entrance regions to the individual coolant channels
gives rise to a small inequality in the flow distribution
among the channels. An experimental mockup was made for a
single fuel element to determine the flow inequalitj', and
the increases in the enthalpy and film temperature difference
factors are 1.08 and 1.06 respectively.
4.4.5 Fuel Plate Eccentricity
If the fuel meat is separated from the coolant by a
cladding material, variations in the thickness of the clad-
ding around the perimeter of the heat transfer surface of
the fuel plate due to manufacturing tolerances will cause
variations in the heat flux distribution at the heat transfer
surface compared to the symmetrical case. The factor which
accounts for this deviation is called the eccentricity factor
.
The hot spot eccentricity factor for the fuel plate is
calculated by computing the ratio of the heat flux from the
thin clad side of a plate with the maximum allowable eccentricity
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to the heat flux from a nominal plate. By simple application
of the heat conduction equation under the conservative
assumption of equal bulk coolant temperatures on both sides
of the plate, the result is
F = 1 + _ a^2L_l_.J12E_„ - ] oo-i*H J- 1- K K x.uuj. ,











_£ b + a +
-TT-K,, nom hM
where: K = thermal conductivity of clad,
KM = thermal conductivity of meat,
h = convective heat transfer coefficient,
b = fuel plate meat half-thickness,
a = nominal fuel clad thickness in the core,
nom
a = maximum fuel clad thickness in the core,
max '
a = maximum average fuel clad thickness in any one
max channel
4.4.6 Fuel Core Alloy Variation
The total fuel content of each loaded fuel plate is
16.0 + 0.48 gm U-235. The allowable variation then is
approximately 2.6^ for the length of the plate and 5^ for
the thickness of the plates. The enthalpy term is accordingly
increased by 1.026, and the film temperature difference and
heat flux factors increased by 1.05 to account for variations
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in the total energy generation in a fuel plate due to U-235
loading.
4.4. 7 Fuel Element Tolerance
s_
The precision of the velocity distribution measurements
was 4$. Since the velocity is proportional to the square
root of the measured quantity (velocity head) the uncertainty
in velocity is 2°/->. The film temperature difference and heat
flux factors are increased by 1.02.
4 . 4 . B Heat Trans fer Coefficient Deviation
In the determination of the convective heat transfer
coefficient (Section 4.1), Furtado recommends the use of
the Colburn correlation with a maximum negative deviation of
2C$. The deviation results in increasing the film tempera-
ture difference factor term by 1.20.
Table 4.5 summarizes the hot channel factors discussed
above. The product relation between the individual and total
hot channel factors is used because it must be assumed for
safety that the worst manufacturing tolerances all occur at
the point of maximum neutron flux.
4.5 Operational Limitations
In Chapter 3, the power produced in the hottest fuel
plate and the variation in heat flux and the radial and
axial power peaking factors were established for a total
reactor power of 6 megawatts. In the preceeding section,




SUMMARY OF HOT CHANNEL FACTORS
Enthalpy factors
Plenum chamber flow 1.08
Channel tolerances I.089
Reactor power measurement uncertainty 1.05
Power density measurement uncertainty 1.10




Film temperature di fference factors
Plenum chamber flow 1.06
Channel tolerances 1.124
Fuel element tolerances 1.02
Fuel density tolerances 1.05
Eccentricity * 1.003
Heat transfer coefficient deviation 1.20





Reactor power measurement uncertainty









establish the maximum allowable reactor power, consistent
with the maximum allowable clad surface temperature, the
hot channel factors were incorporated to determine their
effect in the parameters involved.
The MACABRE (19) computer code was used to perform the
parametric study to determine the effects in the heat flux,
clad temperature, and local (channel) bulk coolant tempera-
ture adjacent to the hottest plate due to variations in the
average heat flux, radial and axial power factors, coolant
flow rate, and the hot channel factors. When the hot
channel factors were introduced into this study, the follow-


















= average heat flux through the
h -
W =
hottest fuel plate, BTU/hr ft
convective heat transfer coefficient,
BTU/hr°F ft 2
flow rate through the channels adja-
cent to hottest fuel plate, GPM.
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The average heat flux through the hottest fuel plate is
calculated by dividing the power produced in the hottest
plate (17.94 Kw) by the effective area of the finned plate
surface (both sides). To decide what values of the total
primary coolant flow rate and inlet temperature should be
used for the MACABRE input, the limiting flow rate of 1800
GPM for the operating MIT Reactor and an inlet temperature
of 116 F were used as a foundation.
Figures 4.1 and 4.2 are plots of the MACABRE output.
Figure 4.1 shows the variation of heat flux with axial
position along the hottest fuel plate for a total flow rate
of 1800 GPM and a total reactor power of 6 megawatts.
Curves 1 and 2, Figure 4.1 include hot channel factors
whereas Curves 3 and 4 do not include hot channel factors.
Curves 1 and 3 and 2 and 4 are for shim blade heights (from
bottom) of 6.70 and 11.7© inches respectively. As can be
seen, the uncertainties (hot channel factors) increase the
maximum heat flux by approximately 24 percent in each case;
this corresponds to the value of FQ (1.241).
Figure 4.2 shows the variation of the clad surface
temperature (T -.-.) and local (channel) bulk coolant
temperature with axial position along the hottest fuel plate
for a reactor power of 6 megawatts, primary coolant flow
rate of 1800 GPM, an inlet temperature of ll6°F and hot
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Figure 4 . 1
AXIAL HEAT FLUX DISTRIBUTION
ALONG HOTTEST FUEL PLATE


























































































































13 17 21 25 29 33 37 4l
DISTANCE FROM BOTTOM OF FUEL (INCREMENTS)
(l INCREMENT = 0.03192 FT)
Hot Channel Factors Shim Blade Height (in)
Curve 1 Yes ' 6. 70
Curve 2 Yes 11.70
Curve 3 No 6.70
Curve 4 No 11.70
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channel factors included. Curves 1, 2, and 3 fire for rod
heights of 6.70, 9-28, and 11. 70 inches respectively. One
might first suspect that incipient boiling occurs for the
cases when the rod heights are 6.70 and 9- 28 inches since
the maximum wall temperature exceeds the fluid saturation
temperature. Using Eq. 4.4 and the values of(Q/A) . . . ,J J- v
'max,ho~c channel
from Figure 4.1, the wall temperature at which incipient
boiling occurs, 1VTTR , is calculated and the results listed in
Table 4.6.
Table 4.6
SUMMARY OF MAXIMUM CLAD WALL TEMPERATURES, MAXIMUM
HEAT FLUXES, AND INCIPIENT BOILING TEMPERATURES
FOR VARIOUS ROD HEIGHTS*




°F (BTU/hr rtr) ( F)
6.70 241.3 4.37 x 105 250.6
9.28 227.4 3.89 x 105 249.3
11.70 214.3 3.42 x 105 248.0
Reactor power of o megawatts, primary coolant flow rate
of 1800 GPM, inlet temperature of ll6°F, and hot channel
factors included.
From Table 4.6 it is seen that the maximum wall tempera-
ture is always less than the incipient boiling temperature.




AXIAL VARIATION OP CLAD SURFACE AND
LOCAL (CHANNEL) BULK COOLANT TEMPERATURES












DISTANCE FROM BOTTOM OF FUEL (INCREMENTS)
(l INCREMENT = 0.03192 FT)
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that the maximum clad wall temperature and incipient boiling
temperature are equal, calculations were also made for in-
let temperatures of 125°F and 135°F for the case when the
shim blade height is 6. 70 inches, reactor power is 6 mega-
watts, primary coolant flow rate is l800 GPM, and hot





TWIB aSains t inlet temperature, as shown in Figure 4.3, it
can be concluded that the maximum allowable bulk inlet
temperature, which satisfies the no-boiling requirement, is
135°F (57.2°C).
The relation between the total power, P,n, and the total
coolant flow rate, ¥„-,, is
PT =W Tout-Tin> • ( 2| -'0
For a limiting flow rate of 1800 GPM, a reactor power of
6 megawatts (of which 9>$> is removed by the primary coolant),
and an inlet temperature of 135°F, Eq. (4.7) yields the
limiting reactor bulk coolant outlet temperature of 155°F
(68.4 C) under the assumption that the heat capacity, C
,
is constant over the temperature ranges considered. (A




A low flow limitation of 1800 GPM of primary coolant












115 120 125 130 135 140
Inlet Temperature ( F)
Figure 4.3






are able to produce a flow rate of the order of 2400 Girl,
the calculations have been based on a minimum flow limit of







An evaluation of the performance of the secondary
coolant system at five megawatts of reactor power is
described in this chapter. On the basis of this evaluation,
recommendations are given as to the installation of any new
components needed.
5 • 1 Reactor Heat Load
Two parallel heat removal systems are used to carry
away the reactor heat load removed by the primary H ? system.
In this situation, each of the present heat exchangers must
be so operated as to remove approximately 2.5 megawatts. To
determine the required flow rate of the secondary coolant for
five megawatt operation, it is necessary to investigate the
efficiency of the heat exchangers at their present operating
level.
The most important characteristic of the heat exchangers
is its overall resistance to heat flow, 1/UA,
i n n n ln(r /r,
)
W " h,A. "*" h A h A 2'/rKLN ' V3--Wi l o o sc sc
where l/h.A. is the convective resistance on the inside of
the heat exchanger tubes, l/h A is the convective resistance

65
on the outside of the tubes, l/h A is the resistance of
'
' sc sc
the scale on the outside of the tubes,, and ln(r /r. )/2irKLN
is the conduction resistance of the walls of the tubes.
The general heat transfer relation is:




^ LM ~ f T n ., -T ^ 3 v5-3)
In 11 22
-T12 21
T. . = temperature of the coolant in system i at
location j , i.e.,
i = 1 implies the primary system
,
i = 2 implies the secondary system,
j = 1 implies the heat exchanger inlet








are used to determine the flow rate, W
.
> necessary to remove
the heat load Q with a temperature difference, AT., across
each side of the heat exchanger.
Consistent with the limiting nature of this study, the
secondary HpO flow rate was computed for conditions which
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would exist on the hottest day. The outlet temperature of
the cooling towers was taken to be 92.75 F (see Chapter 6)
with a reactor power of 5 Mw and outlet temperature of 155 F.
Then at the. normal total primary flow rate of 2000 GPMj the
AT, across the core becomes 15.1 F and the reactor inlet
temperature is 139. 9 F. To compute the heat exchanger per-
formance,, it must be remembered that both heat loads and flow
rates are taken to be half their total values as only one of
the two paralled and identical systems is being considered.
In Eq. (5.1) j h, can easily be calculated by a well-
correlated expression and the conduction term is well known.
The principal unknowns are h and h A . According to
o s c s c




8Pr°* 33 ) , (5.5)1 u
±
and h can be approximated by
hQ = C(KRe°-
6Pr ' 33 ) . (5.6)
Devoto (_2l) performed heat exchanger experiments to determine
the values of h A and the product C x K in Eq. (5.6), theSC c
results of which are given in Table 5.1. The values of
(h A ) and C x K determined by Devoto are essentially
5 v SC
-1
constant over the ranges of temperature (50 to 200 F) and
flow rate (500 to 1200 GPM per heat exchanger) considered.
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Table 5.1 also lists the other parameters necessary for the
heat exchanger calculations.
A sample calculation is presented below based on the
parameters given in Table 5.1. The value of the secondary
H^O flow rate was derived by an iterative solution to the
overall heat balance based on an inlet temperature to the
heat exchanger consistent with the cooling tower outlet
temperature on the hottest day and an approximate value of
the average secondary bulk coolant temperature.
5.1.1 Conduct ive Re s istance




= ^(0^-56/0^15) = u 11? 1Q-7 hr°_F27/-KLN Wl9^T(W7T7KS^>5) BTU '
5.1.2 Inside Convective Res istance
Using Eq. (5.5) and the values of the parameters listed
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W = 1000 GPM per heat exchanger



















13.677 x 10~7 hr°F/BTU




Pr0.33 = r# 405j and
h± = ^-(0.023 Re°-
8Pr * 33 ) =
i




= 2062.71 BTU/hr ft 2oF .
With this value of h
.
, the value of (h. A. )" was calculated,








= [1.877 x 106 ]" 1 , or
(h^)" 1 = 5.328 x 10~7 hr°P/BTU.
5.1.3 Outside Convective Resistance
In order to calculate the value of h . the equivalent
diameter of the tubes must be known to calculate the Reynolds















_ _ __ , (5.7)
o o
Using the values of the parameters listed in Table 5-lj and
Eqs
. (5 .6) and (5«7), the value of h was calculated as
follows
:
n = 2(17-361 - 7-64?) X 10-
4




w . I690H8^123ii60i . 86 8 lb
o 005 hr tube '
r - (386.98) (0.0396^3) _ P linPP „ in4K
c " (0.000395) (1.617) " 2 ' 4022 x 10 '
He ' 6 - 424.98
,
Pr * 33 = 1.633, and
hQ = ( . 3 3 ) ( 1 . 63 3 ) ( 4 24 . 98 ) - 229 . 02 BTU/hr f t F
.
With this value of h . the value of (hQA ) was calculated,
_1
(kQA ) - [(229.02) (1230. 5)]"
1




= 35.486 x 10~ 7 hr°F/BTU.
Combining all of the resistance terms, the value of
(UA)" 1 is:
(lA)" 1 - (4.117 X 13.677 + 5-328 + 35.486) x 10~7 =
58.608 x 10~7 hr°F/BTU.
By combining the primary and secondary coolant heat load
equations, i.e., Eq. (5.4), AT was found to be:
W
AT2 " w^AT i = Sto-D - 16:97°*
assuming the densities and heat capacities of the coolant in
each system are equal. Using Eq. (5.3) and solving for T p
and ATLM yielded:
T22
= T21 + AT2




^A97^ , = 46 . 2i°F .
1n [l 55 - 109.72 ]±




Combining the heat load and AT,.., computed above into Eq.
(5.2), the calculated value of (UA) " is found to be
(UA)" 1 - at
Lm/Q = 58.81 x lCf
Y hr°F/BTU
which is in good agreement with the value of (UA)~" found
by adding the individual resistance terms.
In summary, it may be concluded that a minimum, total
secondary coolant flow rate of 1380 GPM is sufficient to
remove the 5 Mw reactor heat load on the "hottest day"
.
5.2 D? Reflector Heat Load
In Section ^.3 it was shown that the reflectors and
shield absorbed 6.63$ of the energy released in the reactor.
For a conservative basis in determining the operational
limits of the core and primary coolant system, a fraction
of the heat generated in the reflectors and shield was
assumed to be conducted into the core tank where it was re-
moved by the primary coolant system.
If none of the heat generated in the reflectors and
shield is conducted into the core tank, then approximately
five percent of the energy released in the reactor must be
carried away by the D? reflector heat removal system.
This is a conservative estimate since the heat dissipated in
the shield is expected to be approximately 1.63$ of the
reactor power (see Section 5«3 below).
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The DpO reflector heat removal system is currently
being designed upon the 250 kilowatt heat load requirement.
Specifications for the DpO reflector heat exchanger call
for the transfer of 850,000 BTU/hr with a primary outlet
temperature of 100 F, a secondary inlet temperature of 80 F,
and with primary and secondary flow rates of 180 GPM in
each system. These specifications are conservative , and are
sufficient to remove the DpO reflector heat load.
5.3 Shield Heat Load
The shield coolant system removes the heat deposited in
the lead thermal shield which surrounds the graphite reflec-
tor and the thermal column. It is assumed that the primary
contribution to heating in the thermal shield comes from the
energy deposited by gamma radiation and neutron interaction
in the boral, with only a very small amount of heat introduced
by conduction from the graphite reflector.
Stainless steel coils embedded in the vertical cylindri-
cal shield, the bottom shield, the lower annular ring shield,
and the shield surrounding the thermal column are used for
heat removal. Each individual cooling coil is equipped with
a flow control valve at the inlet to allow for individual
flow regulation. The total coolant flow rate through the
heat removal coils is 108 GPM. The coolant passes through
the shell side of the shield coolant heat exchanger where the
heat is transferred to the secondary HpO coolant system; the
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secondary H? coolant flow rate through the tube side of the
shield coolant heat exchanger is approximately 60 GPM.
The flow rates stated above are sufficient to remove
the heat deposited (120 kilowatts or 2J-Vp of the total reac-
tor power) in the shield with the MITR-I core, and to avoid
excessive shield temperatures which would cause cracking of
the concrete. The heat load expected for the MITR-II core
is less than that for the MITR-I core (23) 3 hence the existing






The thermal equilibrium temperature of the entire
reactor is dependent on the temperature of the HpO secondary
coolant leaving the cooling towers. An evaluation of the
performance of this equipment is therefore vital to this
study of process system requirements.
6 . 1 Complicating Factors
Any analysis of the cooling towers is complicated by
the following factors
:
1) The total flow through the cooling towers is
inaccurately known. The HpO secondary coolant
removes heat from the following items
:
a) the HpO primary coolant heat exchangers
1 and 1A,
b) the HpO primary coolant cleanup heat ex-
changer 2,
c) the shield coolant heat exchanger 3,
d) the experimental coolant heat exchanger h,
e) the DpO reflector heat exchanger D-l,
f) the DpO reflector cleanup heat exchanger
D-2, and
g) three air conditioning units which vary in
size from three to twenty tons.
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There are four flow meters which monitor the flow
through each of the systems listed above with the
exception of the air conditioning units, however,
only one flow meter is used to monitor the common
flow through heat exchangers 2, 3, 4, D~l and. D-2.
One flow meter, connected to the 10 inch influent
line leading to the cooling towers is not used.
The remaining two flow meters monitor the flow
through each of the HpO primary coolant heat ex-
changers. The only method of estimating the
total HpO flow is to close off all systems except
the main heat exchangers and then measure the flow
through these units. This method is not exact
since the pressure drops throughout the various
systems are not matched to the pressure drop
across heat exchangers 1 and 1A.
2) Heat exchanger no. 1 will be replaced by a newer
heat exchanger of larger capacity.
3) The temperature of the water entering the cooling .
towers is not accurately known. Since the
secondary coolant system has so many branches
and functions, the various outlet temperatures
should be combined in a volume average to calcu-
late the temperature of the water entering the
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towers. Thic is not possible, however, as much
of this information is not available.
4) The cooling tower performance is dependent on
such quantities as ambient temperature, relative
humidity, and wind velocity which are constantly
changing.
6 • ^ Secondary Coolant Requirements
Design specifications for each of the cooling towers
call for 1000 GPM of H2 to be cooled from 103°F to 8o°F
at a maximum wet-bulb temperature of 72°F and to 10 MPH
wind. The flow rate going to the top of the cooling towers
is approximately 1600 GPM (800 GPM per tower).
Devoto (2M) developed an empirical equation, given
below, which was based upon the conclusion that the water
temperature leaving the cooling tower is dependent only on
the wet bulb temperature and reactor power level.
o.
where: TH -, = cooling tower outlet temperature, F
TTrnm = wet-bulb temperature, °FWET
C = constant = 4.5°F/Mw (per tower)
Prp = reactor power, Mw.
Equation (6.1) was derived for one cooling tower and the
primary coolant heat exchanger 1. No specific data has
been taken since the addition of the second cooling tower
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and heat exchanger 1A, but after reviewing current reactor
operating logs and U.S. Weather Bureau (Boston) meteorolo-
gical data and changing the constant to account for two
cooling towers, Devoto's empirical relation still shows a
good correlation of the parameter involved, i.e.,
TH1





where: C ' - 2.25°F/Mw (for bot h tower s )
.
When, heat exchanger 1 is replaced with the newer heat ex-
changer of larger capacity. Eq. (6.2) should be rechecked.
On a hypothetical "hottest day", a i';et~bulb temperature
of 78 F corresponding to an air temperature of 78°F at 100
percent relative humidity, the cooling towers outlet tempera-
ture would be approximately 95 F (allowing for an additional
3.5 F temperature increase due to the air conditioning units)
with a reactor power level of 6 Mw. Since this is less
than the limiting reactor inlet temperature derived in Sec-
tion 4.5* the secondary system is believed to be adequate





7 . 1 Summary
To determine the process system operating limits of the
MITR-IJ, the nuclear properties of the reactor were examined
first in order to study the power production within the core
as a whole and within a single fuel element. The results of
computer code calculations were used to investigate the
effects of control rod height on the relative variations in
the radial and axial neutron flux and power density distribu-
tions. Emphasis of the study centered on the hottest element
and, further, the hottest fuel plate.
An independent series of experiments produced a well-
correlated value for the coefficient of convective heat trans-
fer on the surface of the finned fuel element plates. The
derivation of this heat transfer coefficient has been
studied and incorporated into the fuel plate temperature cal-
culations .
Engineering hot channel factors have been established to
account for small dimensional deviations from the nominal
design of the reactor fuel elements resulting from manufac-
turing tolerances, for departures from ideal flow conditions,





When the power density distributions , coefficient of
convective heat transfer, and engineering hot channel factors
were coupled together with the thermal hydraulic properti*
s
of the coolant and fuel element and the coolant flow rate,
the location of the hottest fuel plate surface temperature
was determined. The temperature at this location was
limited by the requirement that no boiling of any type occur
in the core. A limitation was then placed on the maximum
bulk coolant temperature under the most adverse operating
conditions. Once reasonable ranges of values of these
parameters were established, then, limits on the measurable
parameters, i.e., minimum coolant flow rate, maximum bulk
outlet temperature, and maximum reactor power, were established
such that the reactor could be operated with these parameters
simultaneously approaching their limits.
Attention was next given to the secondary coolant system
that is used to remove the heat generated in the core, D?
reflector, and shield, by using cooling towers, in order to
have the reactor facility operate efficiently. Two parallel
heat removal systems are used to carry away the heat load
removed by the primary HpO system. To determine the required
flow rate of the secondary coolant for five megawatt operation,
it was necessary to investigate the efficiency of the main heat
exchangers at their present operating level while remaining
consistent with the limiting nature of this study. The flow
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rate on the secondary side of the heat exchangers necessary
to maintain the correct reactor operating conditions under
the most severe limitations on heat removal was calculated
after performing several iterations to determine the vari-
ation of the overall coefficient of heat transfer with flow
rate and a known amount of heat.
Although most of the heat generated in the MITR-II is
removed by the primary coolant, a small percentage of the
heat load is carried away by the heavy water (-Dp0) in the
inner reflector and by the distilled H p in the shield cool-
ant system. These systems have their own separate heat
exchangers. The amount of heat carried away by each of these
systems was also examined. On the basis of these examinations,
recommendations are made as to the equipment necessary to
remove each of the heat loads
.
The thermal equilibrium temperature of the entire reac-
tor is dependent on the temperature of the secondary Ho
coolant leaving the cooling towers. An evaluation of the
performance of this equipment was therefore vital to this
study. The most adverse conditions of temperature , relative
humidity, and reactor power level were used for this study,
and the maximum temperature of the water supplied to the
secondary cooling system at five megawatts was determined.
Section 7.2 of this chapter is a summary of the princi-
pal results and theoretical predictions. On this basis,
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conclusions are drawn, and recommendations are made and out-
lined in Section 7*3. It must be emphasized at the outset
that this is essentially a limiting study to determine the
limiting safety system settings of the MITR-II. In all
assumptions and calculations, the safest or most conservative
choice has "been selected. The most severe hazards of weather
and operating conditions have been envisioned and employed
throughout
.
7 . 2 Results
The principal results of this study are:
1) From the standpoint of process system operating
limits , a maximum reactor power level setting of
six megawatts (total) was established so that
automatic protective action would correct the
most severe abnormal power level deviation
anticipated before a safety limit is exceeded.
2) The minimum allowable H? primary coolant flow
rate for six megawatts was set at 1800 GPM. It
was anticipated that the normal flow rate should
easily exceed 2000 GPM.
3) The maximum allowable temperature of the fuel
plate clad at the hottest point (lower end of
the fuel plate) in the core was found to be
250.6 F, and the value of the maximum bulk cool-




4) It was established that the flow rate in the
secondary H ? coolant system necessary to remove
the 5 Mw reactor heat load was approximately
1380 GPM on the postulated "hottest day"
.
5) A heat exchanger capable of transferring 850,000
. BTU/hr with a primary DpO flow rate of 180 GPM
and outlet temperature of 100 F and with a
secondary HpO flow rate of l80 GPM and inlet
temperature of 80 F would he sufficient to
remove the DO reflector heat load.
6) It was established that the existing shield coolant
system would maintain satisfactory shield tempera-
tures so as to prevent cracking of the concrete
and remove the heat load in the shield.
7) fhe cooling towers were shown to be adequate to
deliver HpO to the secondary coolant system at a
maximum temperature of 92.75 F with the reactor
power level of 5 Mw on a postulated "hottest day".
7.3 Recommendations
On the basis of the investigations made for this study,
it is recommended that:
l) The process system operating limits as determined
herein be incorporated as the Limiting Safety
System Settings of the MITR-II.
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2) Upon the replacement of the IIpO primary coolant
Heat Exchanger No. 1 and the shield coolant
Heat Exchanger No. 3 and upon the addition of
the DpO reflector Heat Exchanger No. D-l, experi-
ments be conducted to accurately determine the





a fuel clad thickness
A area j general
A. inside wall area of heat exchanger tubes
A outside wall area of heat exchanger tubes
A clad back plate area
P
A cross -sectional area of one heat exchanger tube
b fuel plate meat half -thickness
C constant, 4.5°F/Mw
C" constant, 2.25°F/Mw
CxK constant/ 0.33 BTU/hr ft 2oF
C specific heat
d channel thickness
dQ O.D. of heat exchanger tube
D equivalent flow diameter
e
E total energy released per fission
E energy released per fission resulting from neutrons
being captured in materials of the reactor
P axial power factor
F„ enthalpy hot channel factor
Fq heat flux hot channel factor
F radial power factor
Fq film temperature difference hot channel factor
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h convective heat transfer- coefficient
K constant', 3.3093 x 10~ 17 .Mw-seo (Chapter 3)fission v i '
K thermal conductivity, general
K thermal conductivity of clad
KY thermal conductivity of fuel meat
L length of tube in heat exchanger







PAV average power density
PDM power density in fuel meat
Pr Prandtl number
q heat load, BTU/hr
q, v«
average heat flux, BTU/hr ft
ii
qTR heat flux at incipient boiling
Q heat load or power
Q/A heat flux
r. inside radius of heat exchanger tube
r radius
Re Reynolds number
t ff thickness of equivalent flat plate test section
T temperature




AT. .„ log-mean temperature difference
Tn.m fluid saturation temperature
T
-, ., clad surface temperature
wall l
TWTB clad surface temperature (local) at incipient boiling
U overall coefficient of heat transfer
v fluid velocity
V volume j general
V, volume fraction of material i (Chapter ^1
)
V. volume of i fuel region (Chapter 3)
w density,, lb/gal
W flow rate
WT total flow rate
x thickness of tube in heat exchanger
a alpha particle
p beta particle
p reactivity value relative to the delayed neutron
fraction. The value of p is estimated to be approxi-




fin effectiveness defined as the ratio the effective
area of the finned plate surface to the area of the




[j. effective linear absorption coefficient
|jl - linear absorption coefficient of material 1
p density
2 summation
Z , , . macroscopic absorption cross section
absorption * l
2 , macroscopic capture cross section
capture i l
Zf macroscopic fission cross section
th
Z f macroscopic fission cross section in i fuel
iJ th
region and j energy group
Z
^




0. . volume averaged neutron flux in the i fuel
th
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